Foreword
This .report is a partial accounting of work by George 0. Bachman on behalf of Sandia National Laboratories as part of continued characterization of surface geology at the Waste Isolation Pilot Plant (WIPP) site. Mr. Bachman is writing a series of reports on various aspects of the surface and subsurface geology of the Delaware Basin of southeastern New Mexico. All these reports deal with dynamic geological processes as they affect the survivability of the evaporites in the Delaware Basin and the longterm integrity of the natural systems that must continue to isolate radioactive wastes emplaced in evaporites at the WIPP.
This report deals with the occurrence of the Quaternary Gatufta Formation at and near the WIPP site. In addition, the Gatufia Formation is placed into a context with respect to a major dissolution-subsidence feature (Nash Draw) and several other smaller collapse sinks. Logic leading to inferences about the origins of these various collapse features is not repeated here, as such description appears in detail in other reports by Mr. Bachman. Consequently, several of the statements made herein are not accompanied by the complete set of substantiating descriptions and discussions.
Several geomorphic features around the site (specifically, blowouts among sand dunes, sinkholes in gypsic terrain, and closed depressions at Boreholes WIPP-14 and WIPP-33) have been cited by Barrows and others (1983) as evidence of a pervasive geologic process of shallow-and deep-seated karst formation. This proposition arose from one possible interpretation of Bouguer gravity anomalies near the site. Whereas this report does not specifically attempt to reinterpret the gravity anomalies, it does make conclusions about the relationships between the paleoclimate, paleohydrology, distribution, and thickness of stream deposits of the Gatufia Formation, and about the near-surface paleodissolution in the Rustler Formation. Channels in the Gatufta Formation may be important in interpreting the Bouguer gravity anomalies; the geological relationships described herein may suggest alternative explanations for the Bouguer gravity anomalies other than deep-seated pervasive karst. Whereas this report does not specifically attempt to evaluate all the various implications of karstic terrain with respect to groundwater movement, it provides some background for other reports that will directly discuss this issue, many of which will use laboratory and numerical methods as well as field mapping. In addition it concludes that "true karst features should not be predicted on the Livingston Ridge surface east of the indicated dissolution front in the Rustler," thus providing geographic bounds for the area of karstic processes in evaporites. This geographic constraint will be discussed further, together with the processes themselves, in a subsequent report.
This report is important to evaluating the longterm suitability of the WIPP in that it emphasizes the significance of conditions in the paleoclimate, paleohydrology, and paleodissolution that are quite different from presently observable conditions. These geological extremes over several thousand years can complicate interpretations of data representative of the present; one such set of interpretations has been specifically requested by the New Mexico Environmental Evaluation Group: the "water-balance study" (cf USDOE, 1983) .
Finally, this report directly addresses another concern of the Environmental Evaluation Group: "drill a shallow auger-hole in the depression in the SW corner [of Sec. 29, T22S, R31E] in Zone III to address the suspicion of this depression being a doline" (cf USDOE, 1983). Steven J. Lambert 
Sandia National Laboratories

Introduction
The Waste Isolation P ilot Plant (WIPP) is a facility being developed by the US Department of Energy (DOE) for burying radioactive waste in underground beds of salt in Eddy County, NM. Although the proposed facility is more than 2000 ft (615 m) below the surface, there is continuing concern fur the stability of rock adjacent to the host beds.
Strata overlying the WIPP facility horizon include sandstone, clay, and evaporites such as gypsum, anhydrite, and salt. If these evaporites are being actively dissolved in the subsurface, collapse sinks and related karst features should become apparent at places on the surface. Although no karst features have been definitely recognized on the surface closer than -3 mi (4.8 km) from the WIPP shaft, subsurface dissolution has been interpreted as present at and near the site from a recent gr. avity survey (Barrows and others, 1983) .
The present study applying standard geologic techniques was undertaken to determine if active subsurface dissolution of evaporite beds is a plausible process in the modern geologic setting at the WIPP site. This study included examining available borehole data and surface features in the WIPP area. Other data, such as existing geologic maps, were examined and interpreted. Data from all these sources were used to construct the isopach maps and diagrams accompanying this report. These observations pro: vided information for outlining the physiographic history of the modern terrain. Consideration of that history is essential to understanding the natural setting of the WIPP site.
Physiography
The WIPP site, located -25 mi (40.2 km) east of Carlsbad, Eddy County, NM (Figure 1) , is situated on an unnamed physiographic surface that we call the Livingston Ridge surface for purposes of this discussion. The surface is underlain by caliche and windblown sand. Mesquite, shinnery oak, creosote bush, and associated flora of the Chihuahuan Desert characterize this semiarid region. The major physiographic features that have been a part of the recent geologic history of the area include Nash Draw, the Livingston Ridge surface, and The Divide. The Pecos River, whose modern course lies -20 mi (32 km) west of the WIPP site, has been a major influence in the physiographic history of the region.
Nash Draw is the most distinctive topographic feature at or near the WIPP site. A northeasterly trending depression -19 mi (30.6 km) long, it ranges from -5 mi (8 km) wide in its central portion to -10 mi (16.1 km) wide in its northern portion. The greater width in the north results from erosional dissection that bifurcates the drainage system into a northwestern and a· northeastern lobe. Nash Draw is bounded on the west by Quahada Ridge and on the east by Livingston Ridge. Along its north rim the Maroon Cliffs form a .barrier between Nash Draw and Clayton Basin.
The Livingston Ridge surface stretches eastward from Nash Draw -12 to 13 mi (19.3 to 20.9 km) to Antelope Ridge, which lies along the western edge of San Simon Swale (Figure 1) . The surface is a rolling, featureless plain.
Windblown sand has accumulated over much of the Livingston Ridge surface and in parts of Nash Draw and San Simon Swale. Some active dunes are present in the Los Medaflos area on the southern part of the Livingston Ridge surface. Active dunes are also present locally at other places, but most of the windblown sand is in the form of stabilized coppice dunes-accumulations of sand around mesquite and other plants. The active dunes take the form of incipient crescent-shaped barchans or elongate transverse dunes. Closed depressions called "blowouts" are common features within both stabilized and active dune areas. 
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The Divide is the proper name for a low hill rising above the Livingston Ridge surface and separating surface drainage towards Nash Draw on the west and San Simon Swale on the east. Much of the drainage around The Divide is now masked by windblown sand; visible drainage is intermittent and discontinuous. The entire area of the Livingston Ridge surface and The Divide has been a stable area of low relief for at least the past 500,000 yr (Bachman, 1980) . Previously, westerly trending ridges and intervening swales ·with through-flowing streams radiated from the general area of The Divide. Gradients were low, with streams of low to moderate energy. · The geology of the WIPP site has been discussed extensively in the literature (Jones, 1973 and 1978; Bachman, 1980 and 1984; Lambert, 1983; Mercer, 1983; Borns and others, 1983) . Only factors pertinent to a discussion of late geologic history and to the problem of dissolution will be treated here.
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Stratigraphy
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The stratigraphy of the WIPP site has been discussed previously in detail (Jones, 1973 and 1978; Mercer, 1983; Lambert, 1983) and is presented only in outline here. Rocks in the stratigraphic column bearing on the present study are Permian, Triassic, Tertiary, and Quaternary in age. Permian rocks include four formations of the Ochoan series. In ascending order, these are the Castile, Salado, and Rustler Formations and the Dewey Lake Red Beds. They are overlain unconformably by clastic sediments of Triassic age. Surface and near-surface rocks include the Ogallala Formation and a variety of surficial deposits (Table 1) .
Castile and Salado rocks are very soluble and are represented by dissolution breccia where they occur at the surface -25 mi (40 km) southwest of the WIPP site. At the WIPP site both these units are deeply buried and apparently have not been exposed to dissolution. Of the stratigraphic units close to the surface at and near the WIPP site, anhydrite, gypsum, and salt in the Rustler Formation in the subsurface are the most susceptible to dissolution resulting in karst features at the surface.
In addition to these evaporites, the Rustler includes the water-bearing Culebra and Magenta Dolomite . Members. The water in these members is usually confined to the individual members where these are within an impermeable sequence of anhydrite or gypsum. Where the Rustler is exposed in Nash Draw, the dolomite members are fractured and the gypsum beds are disrupted by many collapse sinks and caves as a result of local dissolution. At places in the subsurface underlying the Livingston Ridge surface, boreholes have encountered cavernous intervals and clayey residuum at horizons where salt and gypsum are present normally in more complete stratigraphic sections.
T he quality of the water in the dolomite members has been discussed in detail by Mercer (1983) . Qualities vary widely over the region and are classified as saline to briny. "Dissolved solids in waters associated with the Culebra Dolomite Member range in concentration from 3,200 milligrams per liter ... to 420,000 milligrams per liter" 'in test' holes at and near the WIPP site (Mercer, 1983, p 62) . "Dissolved solids in water associated with the Magenta Dolomite Member ... range in concentration from 5,460 milligrams per liter ... to 270,000 milligrams per liter" (Mercer, 1983, p 68) . Both waters are capable of dissolving more solids. Saturated brine occurs in a clayey brecciated unit at the basal contact of the Rustler with the Salado Formation in the subsurface in Nash Draw.
The Rustler Formation varies in thickness from 263 ft (80.2 m) in the subsurface in Nash Draw (Borehole WIPP-27) to 460ft (140.2 m) near the southeastern edge of the site (Borehole P-18). The thinning of the formation in Nash Draw is attributable to dissolution of evaporite beds in the formation. Thinning of the formation beneath the Livingston Ridge surface is attributed both to dissolution of salt within the formation and to variations of thickness during original deposition (Jones, 1973, p 23; Mercer, 1983, p 45) . Figure 2 shows some of the variations.
The regional dip of rocks at the WIPP site is easterly -75 to 100 ft/mi (14 to 18 m/km). Owing to this regional dip, rock units are more deeply buried from west to east. Thus the Rustler Formation is exposed at the surface in Nash Draw. At Livingston Ridge along the eastern edge of Nash Draw, the Rustler is buried beneath Dewey Lake Red Beds to a depth of 200 to 300 ft (61 to 91 m). At the WIPP site the Rustler is beneath 300 to 400 ft (91 to 122 m) of Dewey Lake Red Beds. At and near The Divide the Rustler is covered by >500ft (152m) of Dewey Lake Red Beds and 200 to 300 ft (61 to 91 m) of Triassic rocks.
Rocks of both the Dewey Lake Red Beds and Triassic are composed of insoluble clastic rocks. Karst features cannot be expected to develop in these units unless there has been extensive dissolution in underlying formations. Although veinlets and pods of selenite at many places in the Dewey Lake Red Beds indicate circulation of sulfate-bearing waters in this unit in the past, the Dewey Lake at present "has not normally been found to yield water to wells" (Mercer, 1983, p 70 
Tertiary Deposits Introduction
Although there are many gaps in the stratigraphic record, rocks of Tertiary and Quaternary age preserve the latest geologic history of southeastern New Mexico. A particularly long gap occurs in the record through early Tertiary time, and the physiography of the region at that time can only be conjectured. The region was above sea level; presumably erosion was the dominant process.
Ogallala Formation
The Ogallala Formation of Miocene and Pliocene age underlying the High Plains from Nebraska southward to western Texas and eastern New Mexico reflects a period of uplift and erosion of the Rocky Mountains. This formation was deposited mostly as a complex sequence of alluvial fans on an irregular erosion surface by streams flowing toward the south and east from the young mountains. In southeastern New Mexico extensive deposits of windblown sand characterize the interstream deposits of the Ogallala. Although the Ogallala Formation is now a remnant of a major depositional cycle in the past , it represents the first stage in developing the modern landscape.
At the termination of Ogallala deposition the region was unusually stable. A thick pedogenic caliche that accumulated on the surface is preserved as the well-known caliche "caprock" of the High Plains. The caprock is a complex deposit formed during at least 3 million years of desiccati<?n, brecciation, and recementation.
The Ogallala Formation is as much as 400 ft (122m) thick at places in southeastern New Mexico. A thin remnant 26 ft (8 m) thick is preserved at The Divide -6 mi (9.6 km) east of the WIPP site. This remnant is significant to the interpretation of the physiographic history of the region. It may represent a western depositional wedge-edge of the Ogallala across a relatively high surface. Examination of the isopach maps accompanying this report suggests that the general area of The Divide was a positive topographic feature as long ago as Ogallala time.
Regional drainage during Ogallala time was towards the south and the southeast, but details of the drainage system at or near the WIPP site are not clear because extensive deposits of t he formation are not available for analysis. It is probable that an ancestral Pecos River flowed southward in New Mexico along a course within 3 to 10 mi (5 to 16 km) east of its present channel. T hick deposits of alluvial fill to the south in Texas may be, in part, the result of this drainage and depositional episode. These alJuvial deposits are > 1500 ft (460 m) thick (Maley and Huffington, 1953) .
They were deposited in basins formed by subsidence, or collapse, as a result of dissolution of salt from formations in the subsurface. The older parts of these deposits are present only in the subsurface, and their presence is known only from exploratory boreholes for oil and gas. Evidence is not available to determine the age of these deposits.
Major changes in drainage occurred later in Pleistocene time when some secondary drainages flowing westward from the High Plains were developed. These drainage systems flowed into the ancestral Pecos River (Bachman, 1984) .
Pleistocene Deposits Gatuna Formation
The Gatuna Formation is at least as old as Middle Pleistocene and may contain some much older deposits. Characteristically it consists of reddish-brown, poorly consolidated sand, gravel, and silty clay. Deposits that are assigned to the Gatuna Formation are distributed along the east side of the Pecos River in Nash Draw, Clayton Basin, and east of Artesia and Hagerman, NM -30 to 50 mi (48 to 80 km) north of Carlsbad (Bachman, 1976) . In Pierce Canyon -20 mi (32 km) southeast of Carlsbad it includes stream gravels that have collapsed into ancient sinks.
In the vicinity of the WIPP site, the Gatuna rests unconformably on the Dewey Lake Red Beds. It is ·overlain by the pedogenic Mescalero caliche, which accumulated on stable surfaces following Gatufia deposition. The presence of the Mescalero caliche overlying the formation separates the Gatuna from other deposits and aids in distinguishing the formation.
The age of the Gatuna Formation is based on the presence of a thin bed of volcanic ash within the formation on the east side of Nash Draw. The ash has been identified as a member of the Pearlette family of ash falls, the "Lava Creek B ash" (lzett and Wilcox, 1982) . lt was derived from the Yellowstone area, WY between 500,000 and 600,000 yr ago. The Mescalero caliche overlying the Gatuna confirms this age. It began to form -500,000 yr ago (Bachman, 1980) . Near Artesia and Hagerman and in Gatuna Canyon to the north of the WIPP site, gravels in the Gatuna Formation indicate that they were deposited by westward-flowing streams. Carbonate pebbles in the gravels contain unique spherical or ovoidal accretionary masses (pisoliths) derived from the High 14
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Plains caprock to the east. These distinctive accretionary masses are .characteristic of the High Plains caprock and cannot be confused with other rocks in the region. Additional evidence for westward-flowing streams during Gatuna time is provided by distinctive quartzite pebbles derived from Triassic beds exposed to the east of the present Pecos River. It is assumed 1 t hat these westward-flowing streams emptied into the ancestral Pecos River.
During the present study, the Gatufla Formation , was examined and measured at many places along Livingston Ridge on the east side of Nash Draw. Gravels deposited by westward-flowing streams are exposed at several localities. These include crossbedded, poorly sorted deposits in channels, which indicate~ deposition by water flowing at moderate velocity ( Figure 3 ). The measured thicknesses of the Gatufia along Livingston Ridge, and borehole data, were used to construct the isopach map accompanying this report (Figure 4) .
The isopach map of the Gatuna Formation indicates the presence of an east-west channel north of the WIPP site during Gatufia time. Sediments >70ft (21 . m) thick were deposited there. An east-west ridge was present across the northern part of the site, and an area of low relief received sediments across the central and southern parts of the site. Comparison of the Gatufla isopach map with the isopach map of Triassic rocks ( Figure 5 ) indicates that the Gatuila channel and the lowland south of the site drained and eroded the Triassic rocks exposed at the surface. Gatuiia streams flowed across both Triassic and Dewey Lake Red Beds strata (Figure 6 ) . Information Only
Mescalero Caliche
The term "caliche" has been applied to many kinds of carbonate and sulfate deposits. As used in this report, "caliche" refers to a deposit of calcium carbonate (a calcrete) displaying a distinctive, predictable morphology. The morphology indicates formation of the caliche by soil processes. By examining caliche profiles through their evolutionary development over broad regions, we find it possible to determine their evolutionary stage and even to estimate their age in relative terms (Bachman and Machette, 1977) .
Soil formation is a relatively slow process requiring a stable surface for development. Soils do not mature on constantly eroding surfaces or surfaces disrupted by subsidence, collapse, or persistent tectonic adjustment. Extensive soil development should not be expected at places where specific karst processes are extremely active. Soil classes depend on the nature of parent material, t he amount of rainfall, the temperature, and the absence or presence of organic material. Soils may change character or may even be destroyed by radical changes in climate. For these reasons soils are a valuable tool for estimating the duration of stability of a geomorphic surface and the persistence of a climatic regime.
Pedogenic caliche, such as the Mescalero caliche, is deposited on an a:ggrading eolian surface. The calcium carbonate comprising the caliche profile is derived from wind-borne sand and dust as well as from rainwater. Dust in the Southwest often contains as much as 1.3% to 5.7% calcium carbonate (Gile and others, 1981, p 63) . Rainwater may contain >4 mg of calcium carbonate/L (Junge and Werby, 1958) . The calcium carbonate is leached from the wind-borne sediments in minute seasonal increments, is carried downward by percolating soil moisture, and is then deposited in a zone of evaporation in underlying soil horizons. The zone of evaporation represents the average depth of penetration of infiltration of soil moisture over the period of deposition.
In southern New Mexico, four stages of evolutionary development of pedogenic caliche are recognized (Gile and others, 1966) . Over broader regions this evolution has been further refined into s ix stages (Bachman and Machette, 1977) . These six morphologic stages are related to the relative age of the deposit, according to the availability of a continuing supply of calcium carbonate. The stages are visible to t he naked eye and are defined in general terms as follows:
Carbonate is in form of filamentous or faint coatings on detrital grains. Coatings may be restricted to the underside of individual grains.
Carbonate forms a continuous coating on sand grains or pebbles.
In addition to coating detrital grains, carbonate occurs as nodules as well as forming a friable or disseminated matrix. The horizon is plugged to the downward movement of solutions.
Carbonate is platy and firmly cements the matrix. The horizon is plugged to downward-moving solutions.
Carbonate is platy to tabular and very strongly cemented. A well-developed laminar layer. occurs on the upper surface. The laminar layer forms because calcium carbonate-bearing water can no longer penetrate the horizon.
The carbonate is massive, multilaminar, and strongly cemented. Includes abundant pisoliths. The upper surface may be brecciated. The Ogallala "caprock" is an example of this stage.
The Mescalero caliche was an ancient soil horizon now outcropping as ledges of light gray to white, platy to tabular, dense, sandy calcium carbonate as much as 10 ft (3 m) thick. It was named for the Mescalero geomorphic surface and the Mescalero sands east of Roswell, NM (Bachman, 1976 ) -75 mi (120 km) north of the WIPP site. It rests on the Mescalero surface, which encompasses the Livingston Ridge surface of this report, from its type area east of the Pecos River southward at least to the New Mexico-Texas State line, a distance of -100 mi (160 km).
The Mescalero caliche is an example of Stage V in the above classification. It engulfs the bedrock on which it rests ( Figure 7) and forms a barrier to the infiltration of precipitation. Where the laminar horizon and the dense plugged horizons within the caliche are at the surface, they contribute to rapid runoff and even to flooding during periods of heavy rainfall. Hazardous flooding conditions have been observed in populated areas such as Las Vegas, NV (Lattman, 1973) where similar caliches are at, or near, the surface.
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The basal part of the Mescalero caliche began to form -510,000 yr ago, as determined by measuring the disequilibrium of the uranuim series. The upper crust of the caliche began to form -410,000 yr ago (Rosholt, written communication, 1979) . T he technique used in these determinations has been described by Szabo (1969) and Rosholt (1980) .
In southern New Mexico, caliche morphologically similar to the Mescalero has been studied extensively. Both the organic and inorganic carbon fractions of the upper laminar layers there indicate C-14 dates ranging from 21,000 to 32,000 yr (Gile and others, 1981, p 122) . This indicates only that the carbonate in this horizon is extremely mobile, and that t he laminar horizon formed rapidly. It also suggests the large influence of a small proportion of recently precipitated carbonate on the C-14 age (Gile and others, 1981, pp 76-77) . 
Berino Soil
The Berino soil is a dark-red, sand y, clayey, noncalcareous paleosol overlying the Mescalero caliche near the WIPP site. Rarely more than 3ft (1m) thick, it is usually overlain by windblown sand and is observed mainly in road cuts and at construction sites.
In southeastern New Mexico, deposits such as the Mescalero caliche and the overlying windblown sand that are adjacent to the Berino soil are very calcareous. T hat the Berino is noncalcareous indicates leaching of the carbonates from this unit. The Berino is probably a remnant of an ancient soil sequence, the a rgillic B horizon, which includ ed the Mescalero caliche at its base as the C or K soil horizon.
Uranium-series d isequilibrium studies indicate that the Berino bega n to form -350,000 yr ago (Rosholt, written communication, 1979) . This age does not coincide with the youngest age of the Mescalero, which is one reason for considering the Berino as a remnant of a former more extensive sequence of soils. Further, it is also inconceivable that the leaching of a B horizon as thin as the Berino as now preserved could have yielded the amount of carbonate required to form the underlying Mescalero. Like t he Mescalero caliche, formation of the Berino soil depended on a relatively long period of tectonic and geomorphic stability within a limited climatic regime.
Spring Deposits
Soft, earthy, white deposits of ca lcium sulfate (gypsite) resulting from ancient spring activity in a zone roughly parallel to Livingston R idge occur along the east side of Nash Draw. At least six low spring mounds are situated along the crest of a low anticline in Dewey Lake Red Beds (NE 114 Sec. 15, T22S, R30E) where tension fractures allowed seepage of sulfatebearing water to the surface.
Although the regional dip of the bedrock is toward the east, dissolution of underlying evaporites in the Rustler Formation in Nash Draw has resulted in local collapse and flexures toward the west. This dissolution and collapse of strata is presumed as the cause of the local anticline in the Dewey Lake Red Beds. The mounds developed as spring water evaporated. Windborne dust settling to the moist ground added to the accumulation. At times the spring-fed water flowed westward over the surface as far as 1/2 mi (0.8 km) downslope towards the center of Nash Draw.
Snails a nd bones of extinct species of horses and camels have been found in these spring d eposits. The bones indicate active springs during Lat.e Pleistocene t ime, after deposition of the Mescalero caliche (Bachman, 1980) . Although long extinct, these springs indicate that in the past gypsum and associated sa lts
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There is a major hiatus between the spring deposits (>25,000 yr; J. N. Rosholt, written communication, 1979 ) and t he Berino soil; this part of later Pleistocene time is apparently not represented in t he sediments of southeastern New Mexico.
Playa Deposits
Playa deposits consisting of silt, clay, and saline evaporites are preserved in t he larger closed basins and in Salt Lake (Laguna Grande de Ia Sal) at the south end of Nash Draw. They are particularly well developed in Clayton Basin, where fossil snails are preserved in the deposits. However, playa deposits are not well represented in Nash Draw, where t hey would be if Nash Draw were a stable depression. Presumably Nash Draw was disrupted by much subsidence and the formation of collapse sinks. Water drains readily into these sinks without collecting on the surface as intermittent ponds, necessary for accumulating playa deposits.
At places within dune fields on the Livingston Ridge surface and elsewhere, incipient playas develop intermittently wit hin blowouts. These are characterized by mud-cracked silt at the surface. Within some blowouts silty carbonates were deposited in thin, soft, light -gray lenticular beds.
Alluvium
Silt, sand, and gravel, which are deposited in depressions by running water, are especially thick (at least 20 ft (6 m)) in the northern part of Nash Draw. These deposits are presently eroding in conjunction with the formation of collapse sinks downstream in Nash Draw. The sinks increase the gradient of the arroyo systems, which in turn contributes to erosion and dissection. · Much alluvium is eroded from the surface and carried into karst sinks and tunnels by means of solution and fill (Lee, 1925) . By this process solution cavities are rapidly filled and even "healed" by surficial debris. At some places deposits formed by this process are preserved as a chaotic mass of silt, sand, gravel, and blocks of gypsum.
Windblown Sand
Windblown sand is widespread at and near the WIPP site. Except for a small area of t ransverse dunes in the Los Medanos dune field south of the WIPP site, most dunes at and near the site are nondescript stabilized features, or at best may be classified as barchans or coppice dunes. Barchan dunes are crescent-shaped and have been observed only in areas of recent blowouts and active dune movement. They are most common in the Los Medanos field and in Bilbrey Basin east of the WIPP site. Coppice dunes are stabilized mounds of sand accumulating around shrubs such as mesquite or shinnery oak (Figure 8) .
Blowouts (closed depressions within a dune field) are common in all types of dune fields in southeastern New Mexico and in the sand seas of the world. They develop where there is a lowering of the crest of a dune. "The local increase of wind·velocity through the gap causes a rise'in the rate of sand movement there, with a consequent removal of sand from the surface of the gap. T he gap gets bigger and a blowout is formed" (Bagnold, 1973, p 206) .
A blowout -1.4 mi (2.3 km) southwest of the WIPP shaft was examined in some detail to determine if this particular feature was related to karst processes. It is located in the SW !A SW V4 Sec. 29, T22S, R31E and is -100 m west of Borehole P-1. The blowout, an elongate depression trending N60°E, is -200ft (61 m) long and -80ft (24m) wide. It is 6ft (1.8 m) deep (F igure 9). Mud cracks form a weak pan in the bottom of the blowout (Figure 10 ). Coppice dunes rising above the depression on t he leeward side probably formed as a result of wind action within the blowout (Figure 9 ). An auger hole in t he bottom of the blowout reached the Mescalero caliche 0.8 m below the surface. A remnant of Berino soil is preserved in one side of the blowout.
There is no evidence of collapse of the Mescalero caliche or of other surficial deposits at this place because of karst processes. The stratigraphic section in Borehole P -1 is similar to that of the sections in other nearby boreholes. The halite in the upper part of the Rustler Formation dissolved at some time in the past but is present in the lower part of the Rustler. T he Salado Formation appears to be intact.
Where blowouts are contained within a field of stabilized dunes, they may exist for a relatively long time in terms of the history of t he dune field. On t he Livingston Ridge surface the impermeable Mescalero caliche beneath the dunes holds water within blowouts during rainy seasons. The finest grained sediments are sorted by water and deposited on the surface of the depression. Upon drying, mud cracks form on the surface of these depressions and leave t he impression of an ephemeral pool (Figure 10 ). 
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Karst and Near-Surface Dissolution
The vast terminology of karst features and karst phenomena has been treated in compilations and glossaries in several languages. The most comprehensive of t hese in English is by Monroe (1970) . His terminology emphasizes dissolution features in limestone (calcium carbonate) terrain. The process of dissolution in evaporites such as gypsum, halite, and related salts is dominantly the physical processes of dissolution and corrasion, in contrast to the chemical processes in limestone where C0 2 in the atmosphere combines with water to form acids dissolving the carbonate. However, the terminology of karst in limestone generally applies to that in evaporites. Monroe's terminology is used here with minor modifications.
The term "karst" is applied here to a kind of topographic development in which the topography is formed chiefly by the dissolution ·of underlying rock. Such topography is commonly characterized by closed depressions, subterranean dra inage, and caves. The closed depressions may be defined more specifically as dolines or collapse s inks. Dolines are basins or funnelshaped hollows "ranging in diameter from a few meters to a kilometer a nd in depth from a few to several hundred meters .... A distinction may be made between t hose formed by a d irect solution of the ... surface zone, solution dolines, and those formed by collapse over a cave, collapse dolines" (Monroe, 1970, p 7) . The latter may also be termed "collapse sinks." The term "paleokarst" pertains to "a karstified rock or area t hat has been buried by later sediments" (Monroe, 1970, p 13) .
Karst phenomena are common, and karst terrains and paleokarsts are common in southeasLern New Mexico where Permian carbonates and evaporites are at, or near, the surface. Carlsbad Caverns a nd other caves in the Permian carbonate reef of the Guadalupe Mountains are the most widely known of t hese features. Less well-known is the terrain where evaporites have been dissolved to form complex karst landscape. Since dissolution of salt and gypsum is a recognized potential hazard to the WIPP site, a better understanding of the limits of this dissolution is paramount to understanding the geologic setting of the site.
Ka rst term inology should be defined with precision. Careless treatment of concepts of karst phenomena, and even carelessly using karst terminology, can
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contribute to misunderstanding and false impressions. The interpretation of karst activity in the vicinity of the WIPP site depends in part on understanding the distribution and physical nature of the stratigraphic units in the area. Although deep-seated dissolution has been active at localities around the periphery of the Delaware Basin in units associated with the Capitan Limestone and in the Pecos River drainage system overlying the Castile Formation (Lambert, 1983; Bachman, 1980 and 1984) , deep-seated dissolution within the Delaware Basin is less probable because of physical limitations on the circulation of fresh water at depth. In contrast, dissolution of nearsurface evaporites is responsible for the visible karst features in Nash Draw and at other places at and near the WIPP site. The caves, collapse sinks, and spring deposits in Nash Draw indicate a relatively long geologic history of dissolution of gypsum and associated evaporites.
Stream gravels in the Gatuna Formation on both the east and west sides of Nash Draw indicate flowing streams across the area now encompassed by Nash Draw before it became a topographic depression (Figure 11) . The Gatuiia stream system eroded into the evaporites of the Rustler Formation, and collapse sinks began to form near the end of Gatuiia time before the formation of the Mescalero caliche was well underway (Bachman, 1980) . As a result of following the strike of the Rustler Formation for a time, Gatuna drainage contributed to coalescing these sinks. Thus, part of Nash Draw is a paleokarst feature. Paleokarst is prominent in Pierce Canyon -20 mi (33 km) south of the WIPP site.
In early studies of the WIPP site, dissolution of halite beds in the Rustler Formation was recognized over extensive areas beneath t he Livingston Ridge surface (Jones, 1973) . Halite beds are absent because of d issolution in the Rustler Formation in Nash Draw and along Livingston Ridge to the west of the site. They are absent in the Rustler above the Culebra Dolomite Member across the WIPP site itself (Mercer, 1983 , p 45, Figure 13 ). At many drillholes where the halite beds should be present, they are represented by intervals of reddish, clayey, insoluble residues. Dissolution of halite in the Rustler appears to be related to permeability changes in the Culebra (Mercer, 1983, p 60) . Increased permeability in the Culebra allows unsaturated groundwater to access, and dissolve, the halite.
Dissolution of halite, hydration of anhydrite to gypsum, and dissolution of gypsum result in local changes in thickness, in fracturing, and in forming karst features in the Rustler Formation. Field evidence (Nash Draw as a topographic feature and ancient spring deposits) indicates such active processes for at least the latter half of Pleistocene time--500,000 years.
Boreholes WIPP-33 and WIPP-14 were drilled on the Livingston Ridge surface specifically to address the problem of near-surface dissolution at and near the site (SAND80-2011; SAND82-1783) . Information from these and other boreholes indicates that nearsurface dissolution is most likely in proximity to Nash Draw, where evaporates in the Rustler are relatively near the surface. The dissolution of halite beds in the Rustler indicates further that the dissolution front within the Rustler is directly related to proximity to Nash Draw. Eastward from Nash Draw the front moves stratigraphically higher in the formation (Mercer, 1983 , Figure 13 ). The easterly regional dip that plunges the Rustler deeper into the subsurface at and near the WIPP site is one factor that decreases the probability of near-surface dissolution at the site. The Dewey Lake Red Beds, which are composed of sandstone and silt, overlie the Rustler Formation at the site. These rocks do not dissolve readily, and water does not move through them freely. Karst features develop in these beds only if evaporites in the underlying Rustler are dissolved and the Dewey Lake collapses into the void.
WIPP-33 was drilled nearly 3 mi west of the center of the WIPP site (SE 1 A Sec. 13, T22S, R30E) because of the presence at that locality of a small closed basin with unique characteristics. Preliminary tests by hand auger indicated more than 20 ft (6 m) of alluvial fill within the basin. In addition, the Mescalero caliche is disrupted along the rim of the basin. The Gatufia Formation is absent at that place. An arroyo -1 mi (1.6 km) long emptying into, and disappearing in, the basin is reminiscent of t he condit ions in the blind valley-a valley that ends suddenly where its stream disappears underground.
In the subsurface at WIPP-33 the Dewey Lake Red Beds are 357 ft (110 m) thick. This is an incomplete strat igraphic section that was eroded before the Mescalero caliche was deposited. The Rustler Formation, which is 276 ft (84 m) thick, is a diminutive section as compared with more complete sections where the Rustler may be as much as 450 ft (137 m) thick. This thinning of the Rustler at WIPP-33 may be attributed to dissolution of salt and gypsum; anhydrite has been hydrated to gypsum at this locality. Returns from drilling and a later video examination of the borehole indicated extensive cavities within the formation, straddling the gypsiferous Magenta dolomite member.
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Information Only Borehole data from other localities at and near WIPP-33 indicate that salt and some gypsum have been dissolved from the Rustler in that area. Dissolu· tion was particularly active in the Rustler in Nash Draw. These data are the basis for indicating an approximate position of the eastern edge of the belt where halite is absent from the Rustler Formation (Figure 2) .
The sp,ring deposits along the eastern edge of Nash Draw are presumed to be the result of this nearsurface dissolution. The presence of Late Pleistocene fossils in the spring deposits, and the fact that the springs are now extinct, indicate that the groundwater regime originally responsible for dissolving underground beds of gypsum and depositing spring deposits is no longer active. That activity was part of a paleokarst system resulting from a much different climatic regime. However, dissolution of the Rustler gypsum in Nash Draw began late in Gatufia .time and is a continuing process.
WIPP-14 was drilled because of the presence of a pronounced gravity low suggesting a localized structural depression at that locality. The working hypothesis specified that the low density responsible for the gravity anomaly was due to dissolution of shallow
Information Only
beds, particularly in the Rustler Formation, in a m~n ner analogous to that at the WIPP-33 Jocahty (SAND82-1783, pp 2-5). A minor topographic depression is present at WIPP-14, but there is no evidence of collapse at the surface.
The Gatuila Formation is absent at WIPP-14 either because of nondeposition or because of preMescalero erosion. Triassic rocks are -l26 ft (39 m) thick; the Rustler is 313 ft (96 m) thick. Halite is absent in the Rustler above the Culebra Dolomite but is present in the lower part of the Rustler underlying the Culebra. Much of the calcium sulfate in the Rustler occurs as anhydrite.
The stratigraphic succession at WIPP-14 is comparable to that in other nearby drillholes. At Drillhole WIPP-34 -0.2 mi (0.3 km) west of WIPP-14, halite was not found above t he Culebra Dolomite. Likewise, in other nearby drillholes (e.g., P-5, -1.2 mi (2 km) southwest of , halite is present in the Rustler only in the unit underlying the Culebra Dolomite. This indicates a regional distribution of halite that is not limited to the locality ofWIPP-14. This pattern of distribution characterizes the central portion of the WIPP site, including the WIPP shaft itself (Borns and others, 1982, p 43) .
Halite may have been present formerly in the upper part of the Rustler Formation in the vicinity of WIPP-14 and WIPP-34 but has been since removed by dissolution. Such dissolution was a regional intraformational process not confined to the point at which WIPP-14 was drilled. Therefore, the hypothesis that the low density responsible for the gravity anomaly at WIPP-14 was due to the local dissolution of s hallow beds is untenable. The WIPP-14 locality is not analogous to the WIPP-33 locality. At WIPP-33 halite has been removed throughout the Rustler Formation. WIPP-33 is situated in a belt along the western border of the WIPP site parallel to Nash Draw where halite is completely absent from the Rustler (Figure 2) . Holt and Powers (1984) have suggested that the extent of dissolution around the WIPP shaft -2.1 mi (3.5 km) southwest of WIPP-14 is less than previously reported. They have mapped the shaft in detail and report undisturbed depositional features in the zone originally believed to be dissolution residue (Jones, 1981) . They state that "there is no disruption apparent which would be caused by volume reduction" (Holt and Powers, 1984, pp 4-11) . This suggests t hat many structures in Rustler sediments may be explained as original depositional features. Rustler sedimentary facies and the environments of their deposition, as well as the concept of intraformational dissolution, should be reexamined in the light of this hypothesis.
Discussion and Conclusio ns
No attempt is made here to explain the gravity anomalies described by Barrows and others (1983) at and near the WIPP site, the anomaly that resulted in drilling WIPP-14. However, anomalous gravity data from the WIPP site and east of the approximate position of the dissolution front in the Rustler Formation (Figure 2 ) are probably the result of factors other than near-surface dissolution.
True karst features should not be predicted on the Livingston Ridge surface east of the indicated dissolution front in the Rustler. The pattern of the isopach maps in this report (Figures 2 and 4) suggests that dissolution of halite in the Rustler, as indicated by Mercer (1983, Figure 13 ) north and east of WIPP-33, probably occurred during Gatuila time. The Rustler was then within the Gatuiia drainage system and only partially protected by overlying beds. Gatufia deposits throughout southeastern New Mexico indicate that during the time of their deposition surface water was much more abundant that at any time since. Many of the results of dissolution observed today occurred during Gatuiia time, more than 500,000 yr ago.
True karst surface features contain evidence of surface collapse, such as at the WIPP-33 locality, a topographic depression .that is being actively filled by alluviation. Gypsum has been dissolved from the Rustler Formation in zones adjacent to the Magenta member at WJPP-33, leaving some subsurface cavities. This local dissolution near the eastern margin of Nash Draw is attributed to spring-sapping, as indicated by the nearby gypsite spring deposits containing camel and horse fossils. The spring-sapping and associated cliff retreat are not presently active, but probably their greatest most recent activity was contemporaneous with the now-extinct mammalian fauna. No cavities have been observed similar to those in WIPP-33 in any ne. arby potash-exploration holes to the east (or hundreds of other holes to the east); so it is here concluded that the WIPP-33 collapse feature is unique. Despite the statement of Barrows and others (1983) that "all [gravity anomalies] are assumed to have a common origin" (p 63), karstic features are by definition associated with surface collapse; not all the gravity anomalies show surface collapse or even topographic depressions. In fact, the center of one -0.8 mgal gravity anomaly is 1/4 mi (400 m) east of the WIPP-14 topographic depression, which is here interpreted as a blowout. WIPP-14 contained no subsurface cavities. Thus, the "modeled gravity ... from the infinitely long polygonal bodies [the assumed 'karst
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Inform ation Only conduits')" (p 63) does not provide a unique or inescapable interpretation of the gravity data, but was evidently the interpretation preferred by Barrows and others.
The absence of true surface karst features at and near the WIPP site may be explained by the depth of burial of the Rustler Formation in that area and by the protective cover of the rocks overlying the Rustler. The Rustler is at least 500 ft (152 m) beneath the surface at the site. The overlying Dewey Lake has "minimal permeability and does not contain significant quantities of ground water .... The Dewey Lake is a protective cover that retards dissolution of evaporites in t he Rustler Formation" (Mercer, 1983, p 70) .
Dissolution will become a major process east of WIPP-33 only if large quantities of unsaturated water gain access to the Rustler Formation. Except for minor intermittent drainages from Livingston Ridge into Nash Draw, erosion does not appear capable of breaching the Mescalero caliche. At present, the Mescalero is an additional obstruction to infiltrating and recharging underlying beds.
Dissolution west of the indicated dissolution front in the Rustler Formation (the belt from which all halite has been dissolved from the Rustler) has occurred since late in Gatuna time (Middle Pleistocene) and continues today in Nash Draw. The area in the vicinity of WIPP-33 was above stream level and subject to erosion during Gatufla time. Dissolution at WIPP-33 is presumed to have begun then, but evidence on the surface-collapse of t he Mescalero caliche and modern arroyo drainage into the collapse sink-points to post-Mescalero circulation of groundwater and consequent dissolution of remaining soluble salts. However, this modern circulation of groundwater is seasonal and probably less ·effective t han during more humid Gatuiia time.
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